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Abstract
The results of several atmospheric heating experiments, which we performed at the
HAARP facility, are presented. We sought to provide a multidimensional characterization of the
various artificial ionospheric heating features by varying HF aspect angle, HF pump frequency,
UHF pointing angle, and heating pulse time. Through the use of the HAARP HF array and the
MUIR UHF radar, we observed cascade (LDI), collapse (cavitons), parametric decay lines (PDI),
outshifted plasma lines (OPL), overshoot, and artificial field aligned irregularities (AFAI), as
well as some features that have not been previously studied, for instance, the “bursty” plasma
lines. Through a collaborative effort with the University of Michigan’s RAX-2 satellite, we saw
that the small cubesats may be able to detect artificially produced ionospheric irregularities such
as AFAI during continuous heating experiments.
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1. Introduction
Ionospheric heating studies have deep implications in the geophysical fields as well as in
communication/navigation. Every geophysical event ranging from earth quakes to meteor strikes
produces irregularities and turbulence in the ionosphere. These density irregularities can interact
with and reflect the signals from satellites, disrupting GPS communications and other transionosphere signals. This is especially problematic during long term geophysical events such as
space weather events.
Atmospheric heaters have been created to artificially mimic the density irregularities
produced by natural occurrences. Using set parameters, high power radio waves can excite the
various instabilities in the ionosphere which allows researchers to investigate their effects
without waiting on a geophysical occurrence. The HAARP facility in Gakona, AK was the most
powerful and versatile heater until its recent shutdown. HAARP’s Ionospheric Research
Instrument (IRI) is a crossed dipole array which can transmit HF waves of 2.8 MHz to 15 MHz
with 3.6 MW of transmitter power feeding its phased array antennae, yeilding an effective
radiated power of 5.1 GW. While it dwarfs in comparison to what the earth receives in radiation
from the sun, this power can be used to excite strong Langmuir turbulence, parametric decay
instabilities, Langmuir decay instabilities, caviton collapse, outshifted plasma line, plasma
overshoot effects, and artificial field aligned irregularities.
A UHF radar placed on site (MUIR) can detect these artificially produced features
through detection of a frequency shifted backscatter return signal. Using this, we set out to make
a multidimensional characterization of the different features that can be spotted in the backscatter
return. We varied the HF angle, UHF angle, pulse time, and frequency to determine the
parameters that are most effective for observing instabilities.
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We also collaborated with the University of Michigan’s RAX team to see if their small
cube satellites can detect artificially produced ionospheric instabilities.

2

2. Background
2.1 The Ionosphere
At about 60 km to 1000 km surrounding our pale blue dot, there exists an atmospheric
region where electromagnetic wave propagation is affected by the high concentration of free
electrons. This region is referred to as the ionosphere. Due to the varying composition of the
atmosphere at different altitudes, the ionosphere is categorized into four regions defined by the
relative ion concentrations as seen in Figure 1. The D layer (60 to 90 km), has electron densities
of about 1 G electrons/cm3, the E region (90 to 120 km), ranges from 30 to 300 G electrons/cm3,
the F1 region (120 to 220 km), ranges from 250 to 400 G electrons/cm3, and the F2 region (220 to
800 km), has about 1000 G electrons/cm3 [Kelly, 2009].

Figure 1-Layers of Ionosphere and their electron density [http://sidstation.loudet.org/]

The ionization rates within each layer differ, which leads to the distinct ionization peaks
labeled in Figure 1. The dotted lines indicate the night time electron densities and the solid lines
indicate the day time electron densities. During the day, incident solar radiation increases ion
production so the ion density is much greater [Das et al., 2008].
3

Atmospheric ion concentrations have been shown to fluctuate under the influence of
geophysical events [Kelly, 2009]. These include volcanos, earthquakes, meteors, tornados, solar
weather, the geomagnetic field and hurricanes (CS) among others. Of great importance is the
changing concentrations of ions depending on solar radiation. The ion concentrations are
drastically different based on the time of day. During the daytime, all four layers are heavily
ionized whereas, during the night, the F2 layer is the only one significantly ionized. Also, at
night, the D layer fades out making the F2 layer responsible for the refraction of radio waves
allowing HF-short wave radio communications over long distances are of great importance for
aviation and maritime communications. The F layer is the densest region of the ionosphere so
any radio waves that penetrate this layer will likely propagate into space [Kivelson & Russell,
1995].
Ultra violet radiation from the sun creates ions and electrons when it energizes
atoms. Atoms and molecules absorb incident radiation and divide into a positive ion and
electron pair. UV light is absorbed throughout the ionosphere so relative ion concentrations are
usually highest at higher altitudes since UV intensity is more extreme [Kivelson & Russell,
1995]. Also, at the higher altitudes, the lighter atoms and molecules like hydrogen and helium
dominate the ion density profile. This can be seen in Figure 2 as the relative densities of
nitrogen and oxygen ions are higher at higher altitudes compared with molecular nitrogen and
oxygen. Hydrogen and helium concentrations surpass other molecules near the topside.
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Figure 2-Ion concentrations in atmosphere [http://www.physics.usyd.edu.au/~cairns/teaching/lecture16/node2.html]

As mentioned previously, geophysical events cause perturbations in the ionosphere.
Sudden strong solar flares cause instabilities in the ionosphere [Kelly, 2009]. During these
events, radiation can penetrate down to the D-region which ionizes molecules, releasing
electrons that increase absorption. Due to the differing concentrations of electrons, high
frequency waves will be absorbed in the D region rather than the E layer, dampening the signal
and causing radio blackout. Geomagnetic storms cause the F layer to become unstable, affecting
the refraction in radio waves. During these events, aurorae can be seen in northern and southern
polar regions. Lightning also causes ionospheric perturbations, further ionizing the D
region. When geophysical events affect the ionosphere, certain communications that rely on
ionospheric reflections are disrupted. Satellite-to-ground, aviation air-to-ground, and marine
sea-to-ground communications can be dampened or blacked out. Through inducing these
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instabilities using equipment such as HAARP and studying the effects, we can better prepare for
when natural causes induce similar instabilities.

2.2 Instabilities
As in other plasma physics, parametric instabilities are produced in the ionosphere during
heating experiments. Ionospheric instabilities are localized plasma “bubbles” that can interact
with and reflect radio waves. The non-linear perturbations that lead to instability production are
excited by the ground based high frequency, high powered waves of a frequency close to but
below the ionospheric plasma frequency and above the electron gyro frequency.
In ionospheric interaction experiments, the three wave interaction is of special
importance among the various parametric instabilities involving non-linear interactions. Three
wave interactions involve a strong electromagnetic pump wave decaying into two separate
daughter waves (Figure 3).

Figure 3-Three wave interaction where the original EM wave decays into an ion acoustic wave and a Langmuir wave [Fejer,
1979]
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The pump wave, with frequency ω0 and wave number k0, will decay into waves with
frequencies ω1 and ω2 and wave numbers k1 and k2 where the original frequency and wave
number is the linear sum of the two daughter waves.
𝜔0 = 𝜔1 + 𝜔2

Equation 1

𝑘0 = 𝑘1 + 𝑘2

Equation 2

In heating experiments, the three-wave parametric instability that garners the most
attention is the parametric decay instability (PDI). In this type, the original electromagnetic
pump wave (ω0, k0) decays into an electrostatic ion acoustic wave of non-zero frequency (ω1, k1)
and an excited, high frequency electrostatic wave (ω2, k2) known as a Langmuir wave [Fejer,
1979]. The newly produced Langmuir wave can, in turn, act as a pump wave and undergo
parametric decay into two additional electrostatic waves. This cascading process repeats itself
until the daughter Langmuir wave no longer has enough energy to excite the instability. This
process, known as Langmuir Decay Instability (LDI), is seen on radar backscatter figures as
sequential decay lines that each correspond to a daughter wave of a different frequency. These
lines are offset from the original pump wave frequency by a multiple of the ion acoustic wave
frequency.

𝐸𝑀(𝜔0 , 0) ⇒ 𝐿(𝜔0 − 𝜔𝐼𝐴 , 𝑘) + 𝐼𝐴(𝜔𝐼𝐴 , −𝑘)

Equation 3

𝐿(𝜔0 − 𝜔𝐼𝐴 , 𝑘) ⇒ 𝐿(𝜔0 − 2𝜔𝐼𝐴 , −𝑘) + 𝐼𝐴(𝜔𝐼𝐴 , 2𝑘)

Equation 4

𝑃𝐷𝐼

𝐿𝐷𝐼

The electromagnetic wave (EM) decays into the Langmuir wave (L) and the ion acoustic
wave (IA). Then the Langmuir wave decays into a second daughter Langmuir wave and another
ion acoustic wave. This cascading process continues until the decay threshold is no longer met.
7

Since the daughter Langmuir wave’s frequency is always slightly lower than the pump wave
frequency, the radar backscatter spectrum will show plasma lines displaced from the pump
frequency [Walker, 1979].

Figure 4-An electromagnetic wave decaying into an ion acoustic wave and its corresponding Langmuir wave. The
parallelogram method indicates vector decay that preserves frequency and wave number eq. 1&2 [Walker, 1979]

Figure 5-Langmuir decay cascade graphical construction for frequencies and wave numbers. Ion acoustic velocity determines
the slope of the sloped parallel lines and the parabola represents the dispersion relation of Langmuir waves [Fejer, 1979]

An upward propagating Langmuir wave, of frequency fL, shows a downshifted plasma line in the
backscatter spectrum offset by the frequency of the Langmuir wave. A downward propagating Langmuir
8

wave displays an upshifted plasma line in the backscatter spectrum offset by the frequency of the
Langmuir wave.
Mathematically, this can be expressed as
𝑓𝑟𝑒𝑐𝑖𝑒𝑣𝑒𝑑 = 𝑓𝑟𝑎𝑑𝑎𝑟 ± 𝑓𝑙𝑎𝑛𝑔𝑚𝑢𝑖𝑟

Equation 5

Where the “+” case corresponds to the upshifted plasma line and the “-“ case corresponds
to the downshifted plasma line. Both downshifted and upshifted cascades can be seen as a
function of height in Figure 6.

Figure 6-Up and Down shifted cascades from the original ion line as a function of height. [Sheerin et al., 2003]]
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In the backscatter spectrum, the ion line can be seen around the radar frequency, the
downshifted plasma lines are below the radar frequency and the upshifted plasma lines are above
the radar frequency.
Apart from the initial parametric decay instability and its subsequent Langmuir decay
instabilities, another important backscatter feature found in heating experiments is the oscillating
two-stream instability (OTSI) which are four wave interactions. An effect of this instability is
that the radiation pressure of the Langmuir waves causes “cavitons” that trap the Langmuir
oscillations. Cavitons are density depleted packets of intense electric fields. Being unstable,
cavitons collapse causing a noticeable spike in energy density. These appear in the radar
backscatter as a naught-frequency based enhancement and up/down shifted plasma lines
displaced by the HF frequency. Upon collapse, the contained electrostatic energy couples with
electrons, causing them to accelerate. Caviton collapse also contributes to blending in the
spectrum at lower frequency offsets; yielding more of a blur on the backscatter spectrum rather
than the more defined PDI and LDI lines.
The caviton collapse has been proposed to radiate free plasma waves or “free
modes.” These appear in the backscatter spectra as outshifted plasma lines (OPL). These have
frequency offsets greater than the pump frequency. OPLs are an effect of the electrostatic energy
coupling that accelerates electrons as the cavitons collapse. Cavitons are caused by the strong,
high-latitude turbulence as opposed to the saturated parametric decay that results in
cascades. Due to their higher latitude and turbulence origination, the spectra showing collapse
will contain a continuous spectra of plasma lines at higher altitudes whereas cascade spectrum
will display a series of discrete plasma lines at lower heights [Dubois et al., 2001]. Cavitons and
cascades are, however, not mutually exclusive. The spatial separation in altitude regions allows
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them to coexist on the same spectrum. When the two features are displayed simultaneously, the
region in which the transition between the low end of the collapse spectrum and the high end of
the cascade spectrum is referred to as the coexistence regime or “coex.” [Djuth et al., 2004].
Coex regions have been seen in Langmuir turbulence studies at the Arecibo [Cheung et al.,
2001], Tromso [Reitveld et al., 2000], HIPAS [Cheung et al., 1997] and HAARP [Watanabe,
2012] facilities and found to be below the reflection height [Sheerin et al., 2008].

Figure 7-Coex spectrum showing both outshifted plasma line, cascade feature, and faint collapse feature. Pulse of HF pump
frequency of 4.04MHz, [Adham, 2010]

As seen in Figure 7, the cascade is the distinct series of plasma lines seen around the HF
pump frequency. The collapse is indicated by the outshifted plasma line at -4.1 MHz frequency
offset. The coex region is the space between the two where the outshifted plasma line fades out
and before the cascade lines appear. The coex region contains both cascade and collapse type
spectra.
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Figure 8-Intensity vs. frequency plot of the cascade, collapse, coex, and OPL features [Adham, 2010]

Figure 8 is an illustration of the relative strength of the various features. These three
types of spectra are observed in different regions. Looking at the frequency offset vs. electric
field strength plot in Figure 9, cascade is produced below the critical reflection layer and collapse
is produced near the critical reflection layer. The coex spectra are found where the two regions
overlap.

Figure 9-Regions for observation of collapse, coex, and cascade spectra [Hanssen et al., 1992]
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Outshifted plasma lines can also be seen when strong Langmuir turbulence (SLT) is
induced in the ionosphere [Isham et al., 1999], when the pump wave is shifted by more than the
HF pump frequency. As such, the collapse and SLT features are related. These “outshifted” lines
are offset by a few hundred kilohertz away from the radar frequency and what is expected from
the usual enhanced plasma line. Since the outshifted lines are not at the HF pump frequency,
they must originate above the radar matching height [Isham et al., 1990]. It has been shown that
the OPLs are located on the natural Langmuir frequency gradient [Isham et al., 1996]. It has also
been shown that the intensity of the OPLs correlates strongly with the antenna zenith angle
[Isham et al., 1999].
Langmuir waves radiating from the “free mode” caviton collapse may be the cause of the
outshifted plasma lines [Isham et al., 1999b]. The OPL strongly suggest an additional excitation
process similar to the LDI cascade in parametric decay.
Another non-linear parametric instability that is of interest is stimulated Brillouin
scattering or SBS [Bernhardt et al., 2010]. The stimulation by the intense pump wave causes
variations in the ionosphere’s electric field which causes a frequency shifted acoustic wave that
travels in the opposite direction as the original pump wave. Similar to parametric decay, a strong
pump wave (ω0, k0) decays into two waves: the weak ion acoustic wave (ω1, k1) and an
electromagnetic wave (ω2, k2) propagating in opposite directions. Unlike PDI, SBS results in a
weak electromagnetic wave rather than the high frequency electrostatic wave. Some radars will
produce this instability [Bernhardt et al., 2010]. Ground based receivers detect the
electromagnetic wave which is seen as a sideband line to the pump frequency. Other nonlinear
processes that contribute to the sideband spectra include stimulated electromagnetic emission
(SEE) generation.
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One of the more important discoveries from ionospheric heating experiments is the
existence of artificial field-aligned irregularities (AFAIs). Where the HF pump frequency
matches the plasma frequency, the pump wave can get trapped in the plasma density
irregularities, heating them and causing the irregularities to widen. If the pump frequency lands
somewhere in the highly magnetized F layer, the irregularities transverse in the direction of the
magnetic field and elongate. This leads to plasma density striations that can be a few meters
long to a few kilometers long which can be detected in the radar backscatter. AFAIs are possibly
stabilized by pump wave absorption, nonlinear fluctuations in thermal conductivity, and
secondary internal irregularities produced inside the original plasma density irregularities.
AFAIs are usually formed during heating experiments using continuous heating or very long
pulses. Thome and Blood [1974] first observed AFAI backscatter induced by HF using the
Platteville ionospheric heater. Observations during this time revealed that the backscatter is
aspect sensitive. When the UHF radar beam is pointed orthogonal or nearly orthogonal to the
magnetic field line, radar backscatter from artificial and natural density anomalies in the
ionosphere is observed more readily. When an instability is excited at the upper hybrid
resonance (UHR) altitude (a few kilometers below reflection altitude) and the upper hybrid (UH)
wave propagates nearly perpendicular to the magnetic field line, the UH wave tends to lose
energy to the heating of electrons. Thus, thermal parametric (resonance) instability occurs,
generating AFAI. AFAIs are generated with longer pulses and when the HF transmission is
along the magnetic field line.
Heating experiments performed at Tromsø, Norway [Layser et al., 1989], that observed
HF stimulated electromagnetic emission, found SEE varies near harmonics of the ionospheric
electron cyclotron frequency. They also found ordinary mode (O-mode) pump waves excite
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upper hybrid waves through linear mode conversion by the longitudinal plasma oscillating
perpendicular to the magnetic field lines [Chen, 1974]. The discovery of the creation of
Langmuir waves at Tromsø [Djuth et al., 1994] using pulsed HF heating, which allowed for high
range and temporal resolution, revealed the density striations induced by the heater. The
Langmuir waves were trapped in magnetic field-aligned ducts yielding plasma line overshoots
for higher power heating. The trapped waves create ponderomotive force, decreasing electron
density which increases plasma line intensity. Turbulence is also more intense when using a
higher power for heating. These ponderomotive effects are not the same as the AFAI as the
ponderomotive is a radiation pressure operating on much shorter time scale pulses which don’t
tend to allow for the production of AFAI.
Other experiments exploring the excitation and evolution of Langmuir oscillations
indicate, for reduced electric field, the PDI threshold is exceeded near the matching height. The
electric field could be reduced due to anomalous absorption by Langmuir turbulence. They also
found the ion line overshoot is enhanced by HF through the local development of plasma
cavitons. It was found that SLT-generated electrons moderate the growth of the electric field
packets which enhance the plasma line.
Ionospheric modification experiments studying the dependence of the direction of the
pump beam have been performed at heater facilities in the past. Data from HAARP [Sheerin et
al., 2008; Pedersen et al., 2003], EISCAT [Isham et al., 1999; Rietveld et al.,2003] and Sura
[Tereshchenko et al., 2004] facilities indicate the HF pump beam pointed in the direction of the
magnetic field lines causes more intense instabilities. A combination of nonlinear processes
cause this magnetic zenith effect [Gondarenko et al., 2005]. This effect is illustrated in Figure 10

15

which displays a ray tracing diagram of a 4.544 MHz HF pump wave at various pointing angles
into a horizontally uniform ionosphere.

Figure 10-Ray tracing diagram of HF waves of varying incidence angles into horizontally uniform ionosphere [Rietveld et al.,
2003]

In Figure 10, the ionospheric electron density profile is represented by the curved line
starting at the lower left corner. The reflection height and upper-hybrid resonance (UHR) height
are indicated by the two horizontal, dashed lines around 286 km and 280 km respectively. The
small arrows on the UHR line show the electric field directions of upward and downward waves.
The magnetic field direction is displayed by the dashed-dotted line entering the figure at the 1.25
mark on the top scale. Efficient HF-induced heating is expected to occur where the wave electric
field is perpendicular to the magnetic field since the coupling to upper-hybrid waves is most
efficient here. This figure suggests that the strongest return signals will be found when the wave
electric field of the HF pump wave is pointed at the Spitze angle (6°) and the UHF radar pointed
towards the magnetic zenith (12° for this specific figure). This is referred to as the Kohl effect.
Experiments at EISCAT in 1997 [Isham et al., 1999] indicate that artificial ionosphere
enhancements are detected most frequently below the critical height when the UHF pointing
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angle is outside the Spitze region between the Spitze angles and aligned with the geomagnetic
field. The collapse feature has also been shown to be aspect dependent [Ashrafi, 2006]. Figure
11 displays a calculated example of the mismatch parameter, Ω, at the turning point as a function
of the angle between the vertical and the line of sight.

Figure 11-Calculated value of the mismatch parameter, Ω, at the turning point as a function of the angle between the vertical
and the line of sight. The Spitze angle is indicated by the crit. arrow [Mjolhus et al., 2003]

After the 6° Spitze angle, the threshold for oscillating two-stream instabilities (collapse)
increases slightly until magnetic zenith at 15°. Beyond the magnetic zenith, the threshold
increases sharply and, after this angle, we would expect to see minimal, if any, collapse feature.
We expect to see more intense heating features when our HF angle is not between 6° and 15°.
Artificial field-aligned irregularities can concentrate an electric field within the irregularities and
amplify the collapse spectra to a point where it is detectable in the radar backscatter.
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Due to its mid-latitude island location, Arecibo has trouble seeing cascade features and,
experiments there tend to record only collapse since it cannot look down the magnetic field line.
High latitude heaters, like HAARP and Tromsø [DuBois et al., 2001], can observe the features
that strongly depend on aspect angle and can be aligned to record each of the previous mentioned
ionospheric irregularities in the radar backscatter.
Apart from HF beam aspect dependence, it has also been shown that Langmuir
Turbulence (LT) excitation is strongly dependent on the HF pump wave frequency [Gurevich et
al. 2002]. For lower frequencies (between 3 and 4 MHz), the LT excitation is less likely due to
anomalous absorption on striations. For higher pump frequencies (6 to 9 MHz), LT excitation
can be stronger since absorption in striations is much weaker [Gondarenko et al., 2005].
The pulse length and duty cycle of the pulses affect the features that are produced and
what we see in the backscatter spectrum [Sheerin et al., 2012]. When the pulse length is short,
since the threshold for cascade must still be met, the shorter the pulse, the fewer cascade lines, if
any, are produced. The longer the pulse, the more cascade lines we see up to a point. As the
ionosphere heats, the turbulence begins to become uniform in the backscatter and the features
fade out while the pulse is still heating. This is why cascades are not seen in continuous heating
experiments. It is also important to allow the ionosphere to cool down between pulses.
Continuous pulses that are too close together will act similar to continuous heating, not allowing
the ionosphere to reset itself, thus, not producing the cascades and other features as the
surrounding ionosphere remains turbulent during the subsequent pulse. In our experiments, we
compare pulse lengths between 60ms and 1000ms. Previous experiments at the HAARP facility
[Adham, 2010; Watanabe, 2012; Sheerin et al. 2012] show that AFAI are not generated on pulse
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lengths of 60 ms or less. However, they were observed, using the Kodiak SuperDARN, on 100
ms pulses.
Different instabilities have different timescales in which they appear [Cheung et al.,
1997]. Cavitons appearance and collapse occurs within the first few milliseconds of heating
whereas AFAIs take at least 50 ms of heating before they appear. Another feature, overshoot,
occurs when the HF transmitter is turned on after a few second off period. Overshoot is where
the intensity of the plasma line temporarily rises to a peak, a few orders of magnitude higher,
before fading back to the steady state level during the heating period [Fejer, 1979]. Experiments
performed at Arecibo observed overshoot effects for heating times greater than 100 ms. A miniovershoot feature was observed before the main overshoot at about 25 ms and at lower altitudes.
The mini-overshoot is seen as a small peak near the beginning of pulses and the main overshoot
is seen as a large peak further into the pulses backscatter spectrum [Duncan, Sheerin, 1985].
2.3 Equipment/Methodology
The High Frequency Active Auroral Research Program (HAARP) is an ionospheric
research program designed to study the upper ionosphere but can be used to study all of the
layers of the ionosphere. Originally built for the purpose of communicating with submarines by
turning an electrojet into a giant ULF antenna, HAARP is located near Gakona, Alaska due to its
proximity to said auroral electrojets, where the magnetosphere intersects with the
ionosphere. The HAARP facilities can produce radio waves from 2.8 to 15 MHz using the
crossed array circularly-polarized dipole antennas. The main piece of equipment is the
Ionospheric Research Instrument (IRI), a phased array radio transmitter consisting of 180
antennas in a rectangular array. At 3.6 megawatts of power, this is the strongest ionospheric
heater on the planet, yielding an effective radiated power of 5.1 Gigawatts. The HF intensity
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from HAARP is less than 3µW/cm2, tens of thousands of times less than the suns natural
electromagnetic radiation that is bathing the earth at any given time. Nonetheless, the array can
be used to cause small, localized modifications, such as faint auroral activity, through pulsed and
continuous heating of the ionosphere, the effects of which can be measured with the sensitive
radar receivers installed at the facility. The HAARP facility can produce the types of spectra
(collapse, cascade, coex) mentioned above through the use of the entire IRI array.
An HF pump wave that is capable of producing turbulence should be below the
ionosphere’s critical frequency. Under this condition, a strong spectrum can be seen in the radar
backscatter. When the HF pump frequency is too far below the F1 or F2 region critical
frequencies, the instabilities produced are usually weak since the pump wave is reflected by the
ionosphere (Figure 12).
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Figure 12-Radio wave reflection based on frequency. The dotted line represents the critical frequency of the F 2 layer [Prolss,
2004]

To determine the frequency that HAARP was set at for each experiment, we used
HAARPs Digisonde’s ionograms. The Digisonde is an instrument used to determine the ion
characteristics of the ionosphere directly above it. The Digisonde transmits a radio frequency
that matches the ionospheric plasma frequency. The radio waves reflect in the ionosphere and
return to the Digisonde receiver. As it sweeps through a frequency range, the Digisonde can
measure the ion density of the region that it is transmitting radio waves. We wanted to use
pulses of the frequency just at the tip of the plasma frequency of the F region. The black line on
Figure 13 indicates plasma frequency computed by the Digisonde. During our experiments, we
used 4.8 MHz, 5.6 MHz, and 6.4 MHz depending on the conditions we observed.
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Figure 13-Sample Ionogram from HAARP's Digisonde. [http://www.haarp.alaska.edu/haarp/dsonde.html]

If we had an ionosonde like Figure 13, we would use 4.8 MHz to get as close to the
maximum plasma frequency. The foF2 variable on the left hand side indicates the highest
frequency that will be reflected in the F region of the ionosphere. This one shows a well-defined
F region at an altitude of around 220km and a faint E region at around 110km. This is where
previous experiments have determined is the optimal frequency to observe artificial instabilities
[Stubbe et al., 1984; Kosch et al., 2005; Gustavsson, 2006]. Due to HAARP’s recent shutdown,
the online archived ionogram data is currently unavailable through the HAARP website. As of
this writing, archived Ionogram data from the HAARP Digisonde can be found on the Digital
Ionogram DataBase run by University of Massachusetts Lowell Space Science Lab.
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One of the radar receivers at HAARP is the modular UHF incoherent scatter radar
(MUIR). Incoherent scatter radar theory provides a way to study the electromagnetic wave
scatter in the ionosphere using ground based instruments. A radar beam sent up from MUIR
scatters off of electrons in the ionospheric plasma and returns to the ground as an incoherent
scatter. Since the electrons in the ionosphere are influenced by the presence of slower and
heavier ions, ISR can be used to measure electron density, ion temperature, ion composition, and
plasma velocity. When heated, the ionosphere displays different profiles so, through the use of
MUIR, the spectra produced by HAARP can be observed including outshifted plasma lines,
cascade, and collapse. Figure 14 is a visual representation of HAARP inducing F region
instabilities and MUIR sending and receiving radar signals. The data received by MUIR is
visualized on a frequency offset vs. time figure where color scheme represents the power spectral
density.
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Figure 14-Setup of HAARP MUIR system heating and measuring ionosphere

Another diagnostic instrument that we had at our disposal was the SuperDARN radar on
Kodiak Island. The Super Dual Auroral Radar Network (SuperDARN) is a network of 32
international pulsed radars that operate in the HF bands and are designed to study the ionosphere.
The radio detection and ranging devices can measure three main parameters: range, echo power,
and Doppler shift. Range is determined by time delay between transmission and reception of
echo. Echo power is the power of the received signal. Doppler shift and spectral width
(velocity) is measured by the difference between the transmitted frequency and the received
frequency. In our experiments, we used the range measurements to look at plasma instabilities
that were induced over HAARP, and the frequency shift to see the extent of the instabilities
through the radar reflections from plasma density irregularities. Due to the pulsed nature of the
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SuperDARN radar, the short pulses we used throughout most of the experiments are not visible
in the SuperDARN data. When we use the CW mode of HAARP, we are able to see the effects
of heating the ionosphere with the SuperDARN radar.
Near the end of the campaign at HAARP, we collaborated with the University of
Michigan’s Space Physics department and their Radio Aurora Explorer 2 (RAX-2). RAX-2 is a
small cubesat designed to study naturally occurring field-aligned irregularities. With its onboard
radar receiver, RAX-2 can receive incoherent scatter radar signals from MUIR which can be
analyzed for the scatter indicative of FAI. Through using HAARP’s continuous wave (CW)
function, we can heat a region of the ionosphere such that the MUIR signal must pass through
the heated region before being received by HAARP (diagramed in Figure 15).
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Figure 15-Diagram of HAARP-RAX collaboration experiment where RAX-2 receives the incoherent scatter signal from MUIR,
sent through a region heated with HAARP

By examining the signal received by RAX-2 and looking for shifts from the original
MUIR signal, we can determine if the satellite can detect artificial field aligned irregularities
produced by HAARP. This is experiment was additive to the primary goal of our campaign: to
identify ideal pulse length and HF angle to induce and measure the different instabilities
produced by HAARP.
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3. Results
3.1 August 5th, 2012
We began sending HF pulses into the ionosphere using HAARP at 23:20 UT using 5600
kHz pulses at 60ms on, then a rest period of 11.940 s. We used MUIR set on the up-shifted
plasma line channel for the first two experiments, then switched to the downshifted plasma
channel for the second two. An outline of this experiments parameters can be found in Table 1,
immediately following the power spectral density figures. Our first pulse set at an HF angle of
HAARP at 7° and the UHF pointing angle of MUIR at 12° is shown in Figure 16.

Figure 16-MUIR scatter return 60 ms ON/11.940 s OFF, HF 7°, 5.6 MHz, UHF 12°
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As expected, we do not see any pulses or cascade in this due to a combination of factors.
The short pulse length and the HF angle being so far off the zenith of 15° along with our
conservative choice to use 5.6 MHz in order to insure we were below the maximum plasma
frequency as computed by the Digisonde Ionogram (Figure 17). During the follow up
experiment immediately after this set, we increased the frequency to 6.4 MHz.

Figure 17-Digisonde Ionogram from Aug. 5, 2012 at 23:35:00 where frequency is on the x-axis in MHz and altitude is on the yaxis in km. Maximum plasma frequency remained between 6 and 7 MHz throughout 23:55:00. We used 5.6 MHz, well below the
maximum of 6.6 MHz indicated in the top left corner.

From the parameters on the left side of Figure 17, it is clear that 5.6 MHz is well below the F2

layer maximum at 6.6 MHz and well above the F1 region maximum at 4.42 MHz as indicated by
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the left hand side. Although, the uncertainty bars indicate that the ionosphere was quite variable
at the time of us starting this experiment. Looking at the signal to noise ratio in the figures
below, our pulses matched the ionogram with signals being read between 195 and 240 km.
We increased the pulse length from 60 ms to 100 ms and ran the HF at 7° and the UHF at
12° again (Figure 18).

Figure 18- MUIR scatter return 100 ms ON/11.900 s OFF, HF 7°, 5.6 MHz, UHF 12°

With the longer pulse, we start to see very faint backscatter from MUIR. An expanded
view of a select pulse can be seen in Figure 19.
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Figure 19-Select pulse from Figure 18- MUIR scatter return 100 ms ON/11.900 s OFF, HF 7°, 5.6 MHz, UHF 12°

We can see the line from the parametric decay instability right below the transmitter
frequency of 5.6 MHz and a very small cascade with lines around 5.595 MHz, 5.59 MHz, and
5.58 MHz. Next, we switched back to 60 ms pulses and switched the HF to 12° while keeping
the UHF at 12° (Figure 20).
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Figure 20- MUIR scatter return 60 ms ON/11.940 s OFF, HF 12°, 5.6 MHz, UHF 12°

Upon first assessment, with these parameters, the power spectral density figure does not
appear to have any pulses from backscatter, although, we do see very faint pulses on the signal to
noise ratio plot. If we examine the power spectral density plot in Figure 20 more closely, we can
see a few, very faint instabilities were produced and appear in the backscatter. A select pulse
from this figure can be seen in Figure 21.
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Figure 21- Select pulse from Figure 20- MUIR scatter return 60 ms ON/11.940 s OFF, HF 12°, 5.6 MHz, UHF 12°

In Figure 21, we see a very faint instability produced and possibly the pre-cascade
formation. We start to see the PDI line just below the 5.6 MHz pump frequency is much more
apparent when HAARP is heating at the 12° HF angle. Other features may be present but the
backscatter return is too faint compared to the noise for us to pick out the specific lines in order
to draw such a conclusion.
For the next set, we kept the beam angles the same and increased the pulse length to 100
ms (Figure 22).
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Figure 22- MUIR scatter return 100 ms ON/11.900 s OFF, HF 12°, 5.6 MHz, UHF 12°

In Figure 22, we see a similar but stronger backscatter than we saw in Figure 21. This
entire set of pulses at 100 ms with 12° HF and 12° UHF reveal a weak (but stronger than
previous) backscatter return from MUIR.
We see a stronger vertical line in the signal to noise ratio and, upon inspection, we do see
a slight, faint down-shifted plasma line (Figure 23).
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Figure 23-Select pulse from Figure 22- MUIR scatter return 100 ms ON/11.900 s OFF, HF 12°, 5.6 MHz, UHF 12°

From Figure 23, we see that the PDI line just below the 5.6 MHz pump frequency is
much more apparent when HAARP is heating at the 12° HF angle and the heating time is
increased to 100 ms. A more dramatic cascade can also be seen with LDI lines at 5.595 MHz,
5.59 MHz, and 5.58 MHz. The cascade lines forming further after the beginning of the pulse
may indicate that we are seeing AFAI but the spectrum is not distinct enough for us to
definitively conclude this.
We next kept the pulse length at 100 ms and the HF angle at 12° then switched the UHF
angle to 15° (Figure 24).
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Figure 24- MUIR scatter return 100 ms ON/11.900 s OFF, HF 12°, 5.6 MHz, UHF 15°

We see the plasma line around 5.6 MHz and it appears to be cascading down from
looking at the fourth pulse in Figure 24. A 0.5 second window of a select pulse can be seen in
Figure 25.

35

Figure 25-Select pulse from Figure 24- MUIR scatter return 100 ms ON/11.900 s OFF, HF 12°, 5.6 MHz, UHF 15°

We can clearly see the PDI line at 5.595 MHz and the cascade at lower frequencies. We
also start to see a very faint collapse feature above 5.6 MHz. Note that the blurry area spreading
vertically and surrounding the spectrum is most likely an effect of integration. We next switched
the HF angle to 15° while keeping UHF at 15° and pulse at 100 ms (Figure 26).
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Figure 26- MUIR scatter return 100 ms ON/11.900 s OFF, HF 15°, 5.6 MHz, UHF 15°

We can already see the cascade at 15° in the horizontal red lines on the power spectral
density figure. This is to be expected since previous campaigns at HAARP have revealed that
the strongest signal comes when HAARP’s antenna array is pointed at the magnetic zenith,
which is 15° at Gakona, AK. This is referred to as the zenith effect. A select pulse from this
figure can be seen in Figure 27.
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Figure 27-Select pulse from Figure 26- MUIR scatter return 100 ms ON/11.900 s OFF, HF 15°, 5.6 MHz, UHF 15°

From Figure 27, we can clearly see the cascade lines propagating to lower frequencies
and the big red PDI line around 5.595 MHz. We also see the collapse feature above the 5.6 MHz
pump frequency. Of special note here is the three consecutive faint, but relatively strong, signals
overlapping the pump frequency which indicate the caviton formation. Since the beginning of
subsequent cascade lines has temporally shifted below the 5.57 MHz, we are also beginning to
see artificial field aligned irregularities forming after the 28.25 s mark. The lack of an obvious
OPL feature indicates that our pump frequency was not close enough to the maximum gyro
frequency of the F2 layer. We also find it strange that the LDI intensities are as strong as they
are. It almost appears like we have a second PDI line at 5.58 MHz, each with its own associated
overshoot.
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If we spread out another pulse from Figure 26 on a 0.3 second window, we can see the
cascade feature more clearly (Figure 28) as well as other noteworthy features.

Figure 28-Select pulse from Figure 26- MUIR scatter return 100 ms ON/11.900 s OFF, HF 15°, 5.6 MHz, UHF 15° illustrating
cascade feature.

The first LDI starts at 5.59 MHz with subsequent lines appearing at 5.585 MHz, 5.58
MHz, 5.575 MHz, etc. The start of each LDI line appears to be temporal delay with each
subsequent line since, with a high number of daughter Langmuir decay instabilities, each
Langmuir wave takes time to excite another instability. We also see a large temporal shift before
the AFAIs start just after the 40.3 s mark. A good indication that we are seeing an overshoot
effect comes from the intensity of the red in the PDI line. The red is darker between the 40.3 s
and 40.35 s but begins to fade away after that. It is also worth noting the dense red line at 5.58
MHz and 40.35 s. This is an unexpected feature in the spectrum and requires further analysis
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and repetition. The PDI should be the brightest feature on the spectrum but, in this instance, it is
overshadowed by this mysterious line. Our tentative explanation is that it may be caused by a
constructive overlap of one of the LDI signals and a backscatter signal from an artificial field
aligned irregularity.
Using Table 1, we can compare each of the selected pulses to compare UHF and HF
pointing angles.

Table 1-Experimental parameters for Aug. 5, 2012 run for Figure 16 through Figure 26

Start Time UT Freq (kHz) Pulse (ms) HF (degree) UHF (degree) Corresponding figure
2330

5600

60

7

12

Figure 16

2335

5600

100

7

12

Figure 18

2345

5600

60

12

12

Figure 20

2340

5600

100

12

12

Figure 22

2350

5600

100

12

15

Figure 24

2355

5600

100

15

15

Figure 26

Putting the sample pulses from the bottom 5 rows in Table 1 provides a visual comparison
(Figure 29).
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Figure 29-Comparison of select pulses from Figure 16 through Figure 26, Figure 16 was excluded due to not having any
apparent backscatter lines.

From Figure 29, it is pretty clear that a UHF of 15° (magnetic zenith) displays the
cascade more clearly than the 12° (Spitz angle). The 60 ms pulses were not long enough to
cause significant irregularities in the ionosphere. And finally, the HF of 15° provides the most
extreme instabilities.
3.2 August 6th, 2012
For our next set of data, we switched HAARP to use 6.4 MHz pump frequency. From the
Ionograms at that time (Figure 30), we can see that the maximum plasma frequency is at 6.525
MHz.
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Figure 30- Digisonde Ionogram from Aug. 6, 2012 at 00:10:00. Maximum plasma frequency remained between 6 and 7 MHz
throughout 00:40:00. We used 6.4 MHz, slightly below the maximum of 6.525 MHz indicated in the top left corner.

Throughout the next 45 minutes, the ionograms stayed fairly consistent between 6 and 7
MHz, so our selected frequency of 6.4 MHz was right through the tip in Figure 30 throughout the
next experiment we performed. In the figures below, the signal to noise ratio indicates that the
pulses were between 210 and 250 km and the ionogram indicates the F2 region peak is at 260.8
km. A comparison of pulses can be found in Table 2 and Figure 43. We first set the pulse length
to 60 ms, the HF to 7°, and the UHF to 12° (Figure 31).
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Figure 31- MUIR scatter return 60 ms ON/11.940 s OFF, HF 7°, 6.4 MHz, UHF 12°

The backscatter in Figure 31 is slightly more visible than it is in Figure 16 and Figure 18.
This is to be expected since the pump frequency is much closer to the maximum plasma
frequency in this set than it was in the first set. We expect all of our power spectral density
figures to exhibit more features at 6.4 MHz than we saw at 5.8 MHz since less energy is needed
to increase the heated ions to the threshold near the electron gyro frequency.
A select pulse from Figure 31 can be seen in Figure 32.
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Figure 32-Select pulse from Figure 31- MUIR scatter return 60 ms ON/11.940 s OFF, HF 7°, 6.4 MHz, UHF 12°

In Figure 32, Above the 6.4 MHz pump frequency, we can see a very faint collapse
feature. Just below that, we can see the PDI line followed by a weak cascade.
We changed the pulse length to 100 ms from 60 ms while keeping the 7° HF and 12°
UHF angles (Figure 33).
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Figure 33- MUIR scatter return 100 ms ON/11.900 s OFF, HF 7°, 6.4 MHz, UHF 12°

The faint pulse in this figure is comparable to Figure 16 with similar settings, in which we did
not see any irregularities. Closer to the plasma frequency, however, we do start to see the
instabilities. A select pulse from Figure 33 can be seen below in Figure 34.
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Figure 34-Select pulse from Figure 33- MUIR scatter return 100 ms ON/11.900 s OFF, HF 7°, 6.4 MHz, UHF 12°

In Figure 34, we can see the parametric decay line just below the pump frequency of 6.4
MHz. We also start to see the cascade feature appear from 6.39 MHz, 6.385 MHz, and 6.38
MHz. Right above the 6.4 MHz pump frequency, we see a very faint collapse feature.
Next, we changed the pulse length to 100 ms and the HF to 12° while keeping the UHF at
12°. An excerpt of this period can be seen in Figure 35.
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Figure 35- MUIR scatter return 100 ms ON/11.900 s OFF, HF 12°, 6.4 MHz, UHF 12°

We can see slight instabilities are produced from the backscatter in Figure 35. A select
pulse from this set can be seen in Figure 36.
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Figure 36-Select pulse from Figure 35- MUIR scatter return 100 ms ON/11.900 s OFF, HF 12°, 6.4 MHz, UHF 12°

Once again, we can see the weak collapse just above 6.4 MHz, the parametric decay
instability line and the cascade below the pump frequency. We switched the UHF to 15° while
keeping the HF at 12° and the pulse length at 100 ms (Figure 37).
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Figure 37- MUIR scatter return 100 ms ON/11.900 s OFF, HF 12°, 6.4 MHz, UHF 15°

With the UHF pointed down the magnetic zenith, we can already see the backscatter
signal is much more pronounced in Figure 37 than it was in previous figures. A select pulse
from Figure 37 can be seen in Figure 38.
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Figure 38-Select pulse from Figure 37- MUIR scatter return 100 ms ON/11.900 s OFF, HF 12°, 6.4 MHz, UHF 15°

In Figure 38, can clearly see the cascade beginning at about 6.39 MHz and cascading
down to about 6.36 MHz. We can see a collapse feature above the 6.4 MHz pump frequency and
a small outshifted plasma line at 6.41 MHz.
We then intended to set the duty cycle to 60 ms while keeping the other settings the same
(Figure 39).
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Figure 39- MUIR scatter return 100 ms ON/11.940 s OFF, HF 12°, 6.4 MHz, UHF 15°

Due to its similarity to the previous figure, we think that the pulse setting was not
actually switched from 100 ms down to 60 ms. A comparison of the pulses in Figure 38 and
Figure 40 reveals their similarity and, the length of the pulse in Figure 40, measured on the
horizontal axis, clearly looks as if it was set for 100 ms still.
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Figure 40-Select pulse from Figure 39- MUIR scatter return 100 ms ON/11.940 s OFF, HF 12°, 6.4 MHz, UHF 15°

Once again, we can see the OPL, then the PDI, then the cascade that was noted in Figure
38.
Finally, we switched the HF to 15°, while keeping the UHF at 15° and the pulse length at
100 ms. Pulses from this period can be seen in Figure 41.
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Figure 41- MUIR scatter return 100 ms ON/11.900 s OFF, HF 15°, 4.8 MHz, UHF 15°

The pulses in Figure 41 are weaker than when the HF was at 12°. A 0.5 second selection
of one pulse can be seen in Figure 42.
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Figure 42-Select pulse from Figure 41- MUIR scatter return 100 ms ON/11.900 s OFF, HF 15°, 4.8 MHz, UHF 15°

We cannot see the outshifted plasma line in any of the HF 15° pulses, but we can still see
the collapse feature and the cascade. It also seems to fade out faster than when the HF was at
12°.
Comparing the pulses from this run in Figure 43 and Table 2, we can see which settings
produce and measure the artificial instabilities most effectively.
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Table 2- Experimental parameters on Aug. 6, 2012 for Figure 31 through Figure 41

Start Time UT Freq (kHz) Pulse (ms) HF (degree) UHF (degree) Corresponding figure
2415

6400

60

7

12

Figure 31

2410

6400

100

7

12

Figure 33

2420

6400

100

12

12

Figure 35

2425

6400

100

12

15

Figure 37

2430

6400

100

12

15

Figure 39

2435

6400

100

15

15

Figure 41

Figure 43- Comparison of select pulses from Figure 31 through Figure 41

From Figure 43, we can see the 12° HF was most effective with a 15° UHF MUIR angle.
Although the various features are still clearly visible in the 15°/15° figure, they appear to be
more defined in the 12°/12° figures. Comparing Figure 43 and Figure 29, it is clear that MUIR
and HAARP measure and produce instabilities closer to the maximum plasma frequency.
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3.3 August 9th, 2012
We ran the next two experiments simultaneously on Aug. 9, 2012. For this set, we set
HAARP at 4.8 MHz. We chose the downshifted plasma channel for this set instead of the
upshifted that we used in the previous two experiments. From the ionogram in Figure 44, this
frequency is right near the maximum plasma frequency of the F1 region indicated by the foF1
number on the left hand side.

Figure 44- Digisonde Ionogram from Aug. 9, 2012 at 00:00:00. Maximum plasma frequency remained between 5 and 6 MHz
throughout 01:00:00. We used 4.8 MHz, below the maximum of 5.475 MHz indicated in the top left corner.

Figure 44 indicates the height for the F1 region peak is at 187.2 km and, from the signal
to noise ratio figures below, our pulses were reflected between 180 km and 220 km. This
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indicates that we may have been passing through the tip of the F1 region and interacting with the
F2 region. If there is a well-defined indent between the F2 and F1 regions as there is in the solar
minimum lines in Figure 1, that cavity can act as a resonant chamber for the Langmuir decay.
Throughout this experiment, we held the HF of HAARP at 12° and the UHF of MUIR at
15° then varied the pulse duration from 60 ms to 1 s. A comparison of pulses for this experiment
can be seen in Figure 57 and Table 3. We first set pulse length to 60 ms and pulsed the
ionosphere with the HAARP array (Figure 45).

Figure 45- MUIR scatter return 60 ms ON/11.940 s OFF, HF 12°, 4.8 MHz, UHF 15°

As expected, the short pulse length gives us relatively weak instabilities. A 0.1 MHz by
0.8 second window of one of the pulses in Figure 45 can be seen in Figure 46 below.
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Figure 46-Select pulse from Figure 45- MUIR scatter return 60 ms ON/11.940 s OFF, HF 12°, 4.8 MHz, UHF 15°

At the 12° HF and 15° UHF angles, we can start to see the cascade going up towards the
zero line even on the shortest pulse. The PDI is right above the -4.8 MHz and the first LDI in the
cascade begins at -4.79 MHz. We also start to see the out-shifted plasma line beginning to form
towards the more negative side of the figure.
Keeping the 12° HF and 15° UHF, we switched to a slightly longer 120 ms pulse (Figure
47).
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Figure 47- MUIR scatter return 120 ms ON/11.880 s OFF, HF 12°, 4.8 MHz, UHF 15°

The backscatter in Figure 47 appears much brighter than it does in Figure 45 due to the
longer heating time. A select pulse from Figure 47 can be seen Figure 48.
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Figure 48-Select pulse from Figure 47- MUIR scatter return 120 ms ON/11.880 s OFF, HF 12°, 4.8 MHz, UHF 15°

With the doubled pulse length, the PDI becomes much more visible right above the -4.8
MHz pump frequency. We can also clearly see the first and second LDI in the cascade at -4.79
MHz and -4.78 MHz. A third LDI looks like it is beginning to form at -4.77 MHz at the very
end of the pulse. Directly on the other side of the -4.8 MHz from cascade, we start to see a
“bursty” set of backscatter lines headed toward the OPL. We think this might be due to the
proximity of our pump frequency with the F1 critical plasma frequency of 4.82 MHZ from Figure
44. It appears we are causing instabilities in the F1 layer as well as picking up some reflection
from the F2 layer. The signal to noise ratio in Figure 47 supports this as its altitude appears to be
around 120km, well above the 187.2 km peak in the ionosonde.
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Next, we kept the 12° HF and 15° UHF angles but switched the pulse length to 250 ms
(Figure 49).

Figure 49- MUIR scatter return 250 ms ON/11.750 s OFF, HF 12°, 4.8 MHz, UHF 15°

From the signal to noise ratio in Figure 49, it looks like our pulse was in the F1 region and
slightly into the F2 region. On the backscatter figure, we can clearly see the OPLs going toward
the more negative end, much more so than we saw in Figure 47. A select pulse from this set can
be seen in Figure 50.
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Figure 50-Select pulse from Figure 49- MUIR scatter return 250 ms ON/11.750 s OFF, HF 12°, 4.8 MHz, UHF 15°

In Figure 50, the first 120 ms of the pulse looks almost identical to that in Figure 48. We
see the PDI, the first and second LDIs and the OPL. In the second half of the pulse, we see the
“bursty” lines fade out at 5.3 s then suddenly reappear at 5.4 s in. Possible explanations for this
include the reflection in the cavity between the F1 and F2 region. Looking at the left hand side of
Figure 44, the F1 region maximum plasma frequency is 4.82 MHz, then it drops to 4.30 MHz in
the pause between the F1 and F2 regions, before peaking at the F2 maximum plasma frequency of
5.475 MHz. Apart from the instabilities that we are forming in the F1 region, we think we are
seeing a slight instability caused in the F2 region which is being reflected in the pause. Another
hypothesized cause for these may be instabilities being formed inside the first instability. These
secondary irregularities then decay and reflect off the inside of the primary instability causing the
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pulsating pattern seen in Figure 50. We can also clearly see the mini and main overshoots in the
PDI line.
Above the PDI, we see the LDI signals start to curve towards the PDI line. This could
possibly be due to the shifting of the ionosphere gyro frequency as the long pulse heats the
ionosphere or it could be an effect of the integration. Further analysis is required on both the
“bursty” lines on the bottom and the curving lines on top of the PDI.
For our next trial, we doubled the pulse length, increasing it to 500 ms while keeping the
12° HF and 15° UHF angles (Figure 51).

Figure 51- MUIR scatter return 500 ms ON/11.500 s OFF, HF 12°, 4.8 MHz, UHF 15°
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In Figure 51, it looks like the altitude increased slightly, getting to just under 225.2 km.
This could mean that are pulses are penetrating even further into the F2 region but the ionograms
at this time indicate that the F1 region was retreating to below our HF frequency and rapidly
fluctuating (Figure 52 and Figure 53).
A select pulse from Figure 51 can be seen in Figure 54.

Figure 52- Digisonde Ionogram from Aug. 9, 2012 at 00:30:24. Notice the F1 region maximum plasma frequency has decreased
to below the 4.8 MHz HF pump frequency that we were using.
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Figure 53- Digisonde Ionogram from Aug. 9, 2012 at 00:30:36. Notice the F1 region has disapeared completely with no distinct
peak from the pause region.
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Figure 54-Select pulse from Figure 51- MUIR scatter return 500 ms ON/11.500 s OFF, HF 12°, 4.8 MHz, UHF 15°

In Figure 54, we can clearly see the LDI lines above the large red PDI line at -4.795
MHz. The curving towards the PDI lines by the LDI lines can be seen much more easily than in
Figure 50. We see the OPL starting at about 12.03 s, between -4.84 MHz and -4.82 MHz. We
also see 3 or 4 bursting lines after the OPL, from 12.1 s to 12.3 s but they fade out about halfway
through the pulse. Tracing the PDI, it also starts to fade out slightly before the end of the pulse,
indicating that we are seeing a slight overshoot effect.
For the last set, we set the 12° HF pulse duration to 1000 ms and observed the
corresponding spectrum with MUIR at 15° again (Figure 55).
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Figure 55- MUIR scatter return 1000 ms ON/10.000 s OFF, HF 12°, 4.8 MHz, UHF 15°

It appears that each subsequent pulse gets temporally shorter. This is due to the
ionosphere not being allowed to completely settle back down after the long pulse. So, at every
pulse, we see the backscatter return get smaller and smaller. To prevent this, we would need to
adjust the duty cycle to have less than four pulses per minute so the ionosphere has adequate
time to recover before another pulse is transmitted. Again, we can see a select pulse from Figure
55 in Figure 56.
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Figure 56-Select pulse from Figure 55- MUIR scatter return 1000 ms ON/10.000 s OFF, HF 12°, 4.8 MHz, UHF 15°

The OPL, PDI, LDI, and burst lines are all apparent as they were in Figure 54. Figure 56
gets interesting after 500 ms. After 5.9 s, the pulse completely fades out even though it is a 1000
ms pulse and should last until 6.4 s if the trend from previous figures is followed. This fade out
is a clear indication that we are seeing an overshoot effect slightly before 500 ms.
A comparison of the 5 pulses from this experiment can be seen in Figure 57 and Table 3
where all the HF and UHF angles remained constant and we increased the pulse time.
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Table 3- Experimental parameters on Aug. 9, 2012 for Figure 45 through Figure 55

Start Time UT Freq (kHz) Pulse (ms) HF (degree) UHF (degree) Corresponding figure
0000

4800

60

12

15

Figure 45

0010

4800

120

12

15

Figure 47

0020

4800

250

12

15

Figure 49

0030

4800

500

12

15

Figure 51

0040

4800

1000

12

15

Figure 55

Figure 57- Comparison of select pulses from Figure 45 through Figure 55

From Figure 57, it appears anything longer than 500 ms will produce a sort of overshoot
effect and fade out even when the pulse is still heating. This is similar to the start of a
continuous heating experiment where the start of the HF heating produces the parametric
instabilities which fade away as the heated region develops. The 1000 ms pulse’s similarity to
the 500 ms pulse leads us to infer that, unless specifically looking for overshoot, anything longer
than 500 ms isn’t needed while looking for PDI, LDI, or OPL. The 500 ms pulse shows quite a
few cascade lines and the bursting effect in the PDI lines. In the 250 ms pulse, we don’t see the
OPL fading out like we do in the 500 ms pulse but we still see the bursting OPL, the LDI, and
the PDI. With the 120 ms and 60 ms pulses, we see the slight bursting affect start near the OPL
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and the features of the pulses get fainter as the pulse length gets shorter. Using 60 ms, we can
barely see the PDI. From this experiment, it looks like between 250 ms and 500 ms gives an
ideal pulse length to witness the various instabilities associated with pulsed heating experiments
under similar ionospheric resting conditions.
3.4 August 9th, 2012b
For the next experiment, we repeated the previous experiment using a 15° HF angle
rather than the 12° that was used in the previous. We kept the UHF at 15° and varied the pulse
length between 60 ms and 500 ms. This experiment was performed simultaneously with the
previous experiment so the ionospheric conditions from the ionogram in Figure 44 still apply.
We took our first set of pulses at 60ms (Figure 58).
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Figure 58- MUIR scatter return 60 ms ON/11.940 s OFF, HF 15°, 4.8 MHz, UHF 15°

As expected, the 60ms pulse shows very little in the backscatter. Unlike in Figure 45, we
do not see the faint OPL towards the more negative end. We can see a faint start to the
parametric decay instability line in Figure 58, which can be seen more clearly in Figure 59.
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Figure 59-Select pulse from Figure 58- MUIR scatter return 60 ms ON/11.940 s OFF, HF 15°, 4.8 MHz, UHF 15°

The OPL appears very faint around -4.84 MHz, much less than what we see in Figure 46.
We can still see the PDI line right above -4.8 MHz and the beginnings of the cascade at and
above -4.79 MHz.
We switched the pulse length to 120 ms and performed the pulsing again at the same 15°
HF and 15° UHF at 4800 kHz (Figure 60).
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Figure 60- MUIR scatter return 120 ms ON/11.880 s OFF, HF 15°, 4.8 MHz, UHF 15°

In Figure 60, we see more of the outshifted plasma line that we couldn’t see in Figure 58.
The PDI is also clearly more visible than in the 60 ms trials. A select pulse from Figure 60 can
be seen in Figure 61.
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Figure 61-Select pulse from Figure 60- MUIR scatter return 120 ms ON/11.880 s OFF, HF 15°, 4.8 MHz, UHF 15°

Comparing Figure 61 to Figure 47, The PDI is stronger at the 15° HF but the cascade
appears to be weaker than it is at the 12° HF. We see a structure below -4.8 MHz and before
27.7 s in that we don’t see or is much weaker in Figure 47. Other than that, the backscatter
spectrum is very similar to what is seen at 12°.
We next increased the pulse time to 250 ms and ran the pulse series again (Figure 62).
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Figure 62- MUIR scatter return 250 ms ON/11.750 s OFF, HF 15°, 4.8 MHz, UHF 15°

Similar to Figure 49, we can see an increase in the backscatter compared with Figure 61.
A select pulse from Figure 62 is framed in Figure 63.
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Figure 63-Select pulse from Figure 62- MUIR scatter return 250 ms ON/11.750 s OFF, HF 15°, 4.8 MHz, UHF 15°

Comparing Figure 63 with Figure 50, the LDIs, PDI and OPL are very similar with the
OPL being slightly clearer in Figure 63. The first set of bursts starting just after 18.6 s in Figure
63 and just after 5.3 s in Figure 50 are clearer and stronger with the 15° HF. The second set of
bursting lines, however, (18.7 s in Figure 63, 5.4 s in Figure 50) is much brighter and more
pronounced with the 12° HF angle.
For our last trial, we doubled the pulse duration while keeping 4.8 MHz, 15° HF and 15°
UHF (Figure 64).
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Figure 64- MUIR scatter return 500 ms ON/11.500 s OFF, HF 15°, 4.8 MHz, UHF 15°

As expected, the backscatter is significantly brighter than in the 250 ms trial from Figure
62. A select pulse from Figure 64 can be seen in Figure 65.
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Figure 65-Select pulse from Figure 64- MUIR scatter return 500 ms ON/11.500 s OFF, HF 15°, 4.8 MHz, UHF 15°

In Figure 65, we can see the same structures that we can see in Figure 54: the OPL, the
PDI, the LDIs and the vertical bursty lines. With the 12° trials, the cascade lines began to drift
towards the PDI but, in the 15° trial, the cascade lines do not appear to show that same drift.
Once again, the bursty lines are clearer and more defined in the 12° HF trials in Figure 54 than
they are in the above figure.
A comparison of the select pulses from this experiment can be seen in Table 4 and Figure
66.
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Table 4- Experimental parameters on Aug. 9, 2012 for Figure 58 through Figure 64

Start Time UT Freq (kHz) Pulse (ms) HF (degree) UHF (degree) Corresponding figure
0005

4800

60

15

15

Figure 58

0015

4800

120

15

15

Figure 60

0025

4800

250

15

15

Figure 62

0035

4800

500

15

15

Figure 64

Figure 66- Comparison of select pulses from Figure 58 through Figure 64

The same trends in Figure 57 are apparent in Figure 66. The 60 ms trial provides very
faint cascade and OPL features and the PDI Hasn’t fully developed by the time the pulse ends.
Doubling the pulse duration allows for a more developed PDI as well as a more pronounced
OPL. The bursting OPL lines first start to appear in the 120 ms pulse. The 250 ms shows an
even more developed OPL with a faint second set of bursty lines next to the first. The pulse ends
before the OPL cuts out in the 250 ms pulse unlike the 500 ms pulse in which the OPL fades at
just over halfway through the pulse.
Comparing Figure 66 and Figure 57 provides a multidimensional characterization of
pulse length and HF angle (Figure 67).
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Figure 67-Comparison of select pulses from 12° (top) and 15° (bottom) HF angles.

The 12° HF backscatter shows the weird bursty lines more clearly than the 15° UHF.
This is apparent in the 250 ms and 500 ms pulses where the 12° HF (top) show brighter and more
pronounced sets of lines than the 15° HF (bottom). In the 12° HF row, it can be seen that the
OPL starts to appear earlier but it is more pronounced in the 15° HF row.
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3.5 August 9th, 2012 RAX
The final experiment we performed at the HAARP facility was using the continuous
wave (CW) mode and continuously heating the ionosphere. The experiment specifics are in
Table 5.
Table 5-HAARP heating start/end, beam frequency, beam type and angle

Start UT End UT HF freq (kHz) HF type HF point (°)
060500

061550

4800

CW

0

061550

061620

4800

CW

20

061620

062000

4800

CW

0

Between 06:15:50 UT and 06:16:20 UT, the HAARP beam heated the path between
University of Michigan’s Rax-2 and MUIR. The satellite recorded the data found in Figure 68
for 300 seconds after 06:13:35 UT. This range-time-intensity (RTI) plot, processed by Dr.
Hasan Bahcivan and the RAX team at the University of Michigan, is a visual indication of the
radar backscatter received by the satellite from the ground based incoherent scatter radar, MUIR.
HAARP was heating the pathway from 135 seconds to 165 seconds.
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Figure 68-RAX2 range delay and intensity versus time [http://rax.sri.com/]. The thick red line is the MUIR direct signal. Purple
bar was added to indicate time when path was being heated by HAARP

Of special interest is the thin light blue region resting directly above the MUIR direct
signal which indicates artificially induced irregularities that are deflecting the radar signal from
MUIR and causing a delay as it reaches RAX-2. This line is not present in the control region
before 135 seconds. From 135 seconds to 165 seconds, the immediate effects of the HAARP
heating can be seen in the increased intensity (light blue) above the direct signal. After 165
seconds, the blue line begins to fade away. This is to be expected as, once the heating is
redirected, the ionosphere begins to settle down over the period of time immediately following
heating. The implications of the data is that it indicates that the small cubesats are capable of
detecting irregularities induced by HAARP. Due to the continuous heating nature of the
experiment, the data gathered by the MUIR receiver blended with the noise thus showing very
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little of interest on the plots. The Kodiak SuperDARN radar, however, picked up strong field
aligned irregularities over the HAARP facility during the time that the experiment was being
performed (Figure 69).

Figure 69-Kodiak SuperDARN over HAARP facility during CW heating experiment. The x-axis tick marks indicate half hour
increments. [http://rax.sri.com/]

The red region, beginning at about 06:13 UT, indicates the heated ionosphere over
HAARP (located at latitude 62.3917°N) as time progresses through the experiment. Analyzing
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the radar pulses sent by MUIR that RAX-2 recorded (Figure 70), we can further verify that
RAX-2 can detect the HAARP induced instabilities.

Figure 70-Amplitude vs time (indicated by sample number) plots of MUIR pulses received by RAX-2 showing a period during the
preheating control region (a) and during the heating (b) [http://rax.sri.com/]

During the control region, the pulse amplitudes are relatively constant around 2000.
Neglecting the strange interference, the amplitude fluctuates by around 1%. During the heating
region, the amplitudes fluctuate between amplitudes of 3000 and 4000, around 5% to 10%.
Further analysis off this experiment is needed by the RAX team, which they hope to publish
soon. The further applications of this research involves determining if small RAX satellites are
able to detect natural ionospheric instabilities produced before or during earthquakes or other
geophysical events. This could have far reaching applications in the field of earthquake
prediction using the cost effective cubesats to detect the ionospheric disturbances that have been
seen in the days before earthquakes [Karpov et al., 2012].
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4. Conclusion
Through our experiments, we sought to identify the settings that allowed us to produce
and observe the various instabilities. We found that a frequency closer to that of the maximum
plasma frequency produces the most dramatic instabilities in both the F1 and F2 regions. A
frequency well below that of the maximum F2 and above the maximum F1 plasma frequencies
still produced the desired instabilities (section 3.1) although to a lesser extent.
From Figure 29, Figure 43, Figure 57, and Figure 66, we see that 100 ms pulse-on time is
sufficient to produce PDI lines regardless of the other parameters. Although, we can slightly see
a PDI in the figures with pulse times below 100 ms, they do not provide as much detail and
appear very faint in the backscatter spectrum depending on the other beam parameters. When
aligned with magnetic zenith, 60 ms was sufficient to observe PDI, although faint. We were also
able to observe the cascade effect at times above 100 ms when the beam was not zenith-aligned.
The third and fourth experiments show that, at appropriate HF and UHF angles, 120 ms is
enough to show the “bursty” outshifted plasma line and the caviton formation. As the time goes
up from there, the same features are still apparent but more defined. At times over 500 ms, a
clear overshoot effect can be seen and the backscatter signal begins to fade while the pulse is still
occurring due to the ionosphere adapting to the induced conditions. After the fade out, the
experiment begins to look more like a continuous heating experiment. It is also important to
allow a proper “cool down” period for the ionosphere between the longer pulses. In our 1000 ms
pulse trials, it was clear that we did not allow for the ionosphere to reset adequately as the
features get successively less apparent as the experiment continues.
From our experiments, it is clear that the UHF pointing angle for MUIR that gives us the
best results is 15°. This verification is consistent with previous measurement taken during past

85

campaigns at HAARP as well as theory. At this angle, the cascade, collapse, PDI, and OPL
features are much more apparent than when the UHF is pointed at 12° as can be seen in Figure
43.
It is also clear from our experiments that the appropriate HF angle that the HAARP array
is pointed is 12°. Although a 15° HF angle produces very satisfying irregularities as well, 12°
appears to produce slightly more apparent features based on the comparison in Figure 43.
Overall, the artificial irregularities are most apparent with a 12° HF angle, a 15° UHF angle,
pulse times above 100 ms, and an HF frequency closer to the electron gyro frequency.
We’ve also found some anomalies in the backscatter spectrums that require further
analysis. First, there are the “bursty” lines in the outshifted plasma lines during the August 9th
experiments. We have hypothesized that these are caused by the UHF radar reflecting off either
secondary instabilities made inside primary instabilities or an instability that spans the gap
between the F1 and F2 regions. For these two experiments (sections 3.3 and 3.4), we were
heating at 4800 MHz; the ionogram in Figure 44 indicates that this is between the maximum
gyrofrequency of the F1 layer (4.82 GHz) and the F layer pause (4.3 GHz). We are investigating
the possibility that these conditions contributed to the appearance of this new “bursty” feature
since it is not seen at any other frequency but we are still unsure of the actual cause. We would
like to further try frequencies in a similar F1-pause range during different ionospheric activity
conditions to verify that we still see these bursty lines. We need calm conditions that still have a
clearly defined peak and pause region that we can pulse through. We would expect to see similar
bursty lines as long as we remain in this region. Perhaps an experiment that has the HF pump
frequency slowly incrementally sweep from below to above the specified pause and F1 maximum
plasma frequency values would reveal interesting results.

86

Second, we would like to investigate the period in the first experiment (section 3.1)
where the Langmuir decay line was brighter than the PDI. This was at the 15° UHF and 15° HF
angles and 100 ms pulse lengths in Figure 26, Figure 27, and Figure 28. This is not expected to
occur since the decay of the PDI excites the LDI which, in turn, excites subsequent LDIs. Since
each decay loses energy, the LDI should never appear more intense on the backscatter spectrum.
We are unsure what is causing this inverted intensity profile and have already explored the
possibility of integration effects and the intensity of the lines surpassing the scales on the plot.
Neither of these explanations were definative so we would like to try and reproduce these results.
We did not see this feature in experiment two (section 3.2) with all settings the same except for
the frequency being closer to the maximum plasma frequency of the F2 region.
Finally, we saw that the RAX satellite can indeed sense the artificially produced
irregularities in section 3.5. For this part, we used HAARP’s continuous heating function, which
does not induce the parametric decay instabilities that pulsing does. We would like to see if a
RAX satellite is able to detect pulsed instabilities in a similar manner to MUIR.
HAARP’s geographic location puts it in the perfect place to simultaneously measure the
various backscatter features that have been cataloged, something that cannot be said about
Arecibo’s island location and the other lower latitude heaters. Unfortunately, HAARP has been
shut down pending new support. This hurdle puts our hope for further investigation of our
mysterious features on hold.
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